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ORIGINAL RESEARCH
ADULT BRAIN

Quantitative Susceptibility Mapping of the Thalamus:
Relationships with Thalamic Volume, Total Gray Matter

Volume, and T2 Lesion Burden
X G.C. Chiang, X J. Hu, X E. Morris, X Y. Wang, and X S.A. Gauthier

ABSTRACT

BACKGROUND AND PURPOSE: Both thalamic iron deposition and atrophy have been reported in patients with multiple sclerosis
compared with healthy controls, but how they are related is unclear. The purpose of this study was to understand the pathophysiologic
basis for this iron deposition.

MATERIALS AND METHODS: Ninety-five patients with relapsing-remitting multiple sclerosis underwent 3T MR imaging with a standard-
ized protocol that included quantitative susceptibility mapping to measure iron concentration and a 3D T1 echo-spoiled gradient-echo
sequence to obtain thalamic volumes. Volumes of interest were manually delineated on the quantitative susceptibility map to encompass
both thalami. Multivariate regression analyses were performed to identify the association between thalamic susceptibility and volume.
Associations between thalamic susceptibility and total gray matter volume, cortical thickness, and T2 lesion volume were also assessed.

RESULTS: The relative susceptibility of the thalamus was associated with T2 lesion volume (P � .015) and was higher in the presence of
enhancing lesions (P � .013). The relative susceptibility of the thalami was not associated with thalamic volumes, total gray matter volumes,
or cortical thickness (P � .05).

CONCLUSIONS: Iron levels in the thalami are associated with T2 lesion burden and the presence of enhancing lesions, but not with
thalamic or gray matter volumes, suggesting that iron accumulation is associated with white matter inflammation rather than gray matter
neurodegeneration.

ABBREVIATION: QSM � quantitative susceptibility mapping

Thalamic atrophy has been reported to be an early finding

in patients with multiple sclerosis1-7 and may result from

growth factor depletion after lesional transection of thalamo-

cortical fibers8-10 or nonlesional microstructural degenera-

tion.11 Iron accumulation in the thalamus has also been widely

reported,1,3,4,12-18 but it is unclear how it relates to the ob-

served thalamic degeneration.

One possibility is that iron may be an epiphenomenon of tha-

lamic neurodegeneration,19 as has been described in several neu-

rodegenerative disorders, including amyotrophic lateral sclero-

sis,20 Alzheimer disease,21 and Parkinson disease.21 Alternatively,

iron may accumulate as a result of inflammation along tracts that

connect with the thalamus, with activated microglia along these

tracts expressing high levels of ferritin22-25 and iron being released

by degenerating oligodendrocytes and myelin fibers. As iron im-

aging becomes more recognized as a marker of disease in multiple

sclerosis,26 it will become increasingly important to understand

the pathophysiologic basis for changes in iron relative to existing

markers of atrophy and lesion burden.

The primary aim of our study was therefore to determine the

relationship between iron levels in the thalami and thalamic atro-

phy, using quantitative susceptibility mapping (QSM), an MR

imaging technique used to quantify tissue iron concentrations.27

Second, we evaluated whether iron levels in the thalami are asso-

ciated with T2 lesion burden and the presence of enhancing le-
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sions, reflective of white matter inflammation. Finally, we evalu-

ated whether iron levels in the thalami are associated with markers

of global gray matter neurodegeneration, including total gray

matter volume and cortical thickness.

MATERIALS AND METHODS
Subjects
One hundred patients with relapsing-remitting multiple scle-

rosis from an ongoing, prospective cohort of patients, followed

at our Multiple Sclerosis Center from August 2013 through

March 2015, were initially included in this retrospective anal-

ysis. For homogeneity of the cohort, patients with primary-

progressive multiple sclerosis were not included. Five patients

were excluded due to poor imaging quality of the QSM or the

T1-weighted anatomic sequence, leaving 95 patients in our

final analysis. All subjects gave written informed consent for

participation in this study, which was approved by our institu-

tional review board. Patient age, sex, use of disease-modifying

therapies at the time of the MR imaging, and disease duration

since the first clinical symptom were obtained from the medi-

cal record.

MR Imaging Data Acquisition and Analysis
All patients underwent our standardized multiple sclerosis re-

search protocol on a 3T scanner (Signa HDxt; GE Healthcare,

Milwaukee, Wisconsin) with an 8-channel phased array head coil.

The imaging protocol included the following: 1) a 3D T2*-

weighted spoiled multiecho gradient recalled-echo sequence (TR/

TE � 57/4.3 ms, flip angle � 20°, 416 � 320 matrix, 0.5 � 0.5 �

2 mm3 resolution); 2) a T2-weighted fast spin-echo sequence

(TR/TE � 5250/86 ms, flip angle � 90°, 3-mm sections, 416 �

256 matrix); 3) a 3D T2 FLAIR sequence (TR/TE � 6050/140 ms,

0.6 � 0.6 � 1.2 mm3 resolution); and 4) a pre- and postgado-

linium 3D inversion recovery–prepared T1-weighted fast echo-

spoiled gradient-echo sequence (TR/TE � 8.8/3.4 ms, flip angle �

15°, 256 � 256 matrix, 0.45 � 0.45 � 1.2 mm3 resolution). QSM

was reconstructed from the gradient recalled-echo sequence using

the morphology-enabled dipole inversion method.28

The volumetric 3D T1-weighted images were aligned, skull-

stripped, and segmented by using FreeSurfer software, Version

5.1 (http://surfer.nmr.mgh.harvard.edu) to obtain thalamic vol-

umes (Fig 1).29 The left and right thalamic volumes were summed

to obtain the total thalamic volume in cubic millimeters. Free-

FIG 1. Axial images through the thalami from the 3D T1 MPRAGE sequence (A), with an overlaid gray matter mask (B) and volumetric segmen-
tation (C) from FreeSurfer. Thalamic volumes of interest are shown in green. The quantitative susceptibility map image from the same axial level
(D) shows the contoured right thalamus (black outline). The pial boundary (E) is used for cortical thickness estimation, and the segmentation
outline (F) is overlaid on the axial T1-weighted image.
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Surfer was also used to obtain total gray matter volume and cor-

tical thickness. 3D T1-weighted images were first segmented into

gray matter masks, which were visually checked and manually

edited for misclassification. The cortical thickness measurement

was then calculated as the shortest distance between each point on

the pial surface and the gray/white surface, measured in millime-

ters. All FreeSurfer analyses were performed by a trained senior

research aide with 3 years of experience (E.M.) and visually

checked for anatomic accuracy by both the aide and a board-

certified neurologist (S.A.G.).

The volume of T2-hyperintense white matter lesion load was

calculated using FDA-approved software (Olea Sphere 2.3; Olea

Medical, La Ciotat, France) (Fig 2). Briefly, 3D volumes of the

white matter lesions were created by selecting a seed voxel at the

center of the lesions and expanding the volumes of interest to

include surrounding voxels of similar signal intensities across all

slices. Manual editing was then performed to include or exclude

voxels as necessary on the basis of visual inspection.

Iron concentrations of the thalami were determined by using

syngo.via software (Siemens, Erlangen, Germany). First, QSM

maps were fused to the 3D T2 FLAIR images for improved ana-

tomic delineation. Then, with the Volume-of-Interest tool, the

upper and lower borders of the thalami were manually delineated

by a board-certified radiologist with subspecialty certification in

neuroradiology (G.C.C.) (Fig 1). The Contour tool then identi-

fied the appropriate margins for the thalami on the intervening

slices in semiautomated fashion, and the Nudge tool was used to

exclude major veins that could confound the QSM values, partic-

ularly the internal cerebral veins and basal veins of Rosenthal. As

a zero reference, a small circular ROI was also placed in the CSF in

the atrium of each lateral ventricle, adjacent to the thalamus. The

relative susceptibility within the thalami was calculated by sub-

tracting the mean susceptibility in the thalami from that in the

CSF ROI.

Statistical Analysis
All statistical analyses were performed in STATA, Version 13

(StataCorp, College Station, Texas). A sample size of 95 was de-

termined to have 80% power to detect a correlation coefficient of

0.28 between variables with a 2-sided � of .05.30

Multivariate regression analyses were used to determine

whether the relative susceptibility of the thalami was associated

with thalamic atrophy, T2 white matter lesion volumes, the pres-

ence of enhancing lesions, total gray matter volume, and cortical

thickness. Ladder-of-powers quantile-normal plots were assessed

to determine the normality of the outcome variables. White mat-

ter lesion volume was log-transformed for normalization. Age,

sex, disease duration, and use of disease-modifying therapies were

included as covariates.

To exclude the potential confounder of age-related T2 white

matter lesions on lesion volume, we also repeated the analysis

excluding all patients older than 50 years of age.

RESULTS
The mean age of the patients included in this study was 42 � 10

years, with a range of 25–71 years. Two-thirds of the cohort was

female, and one-third, male, reflecting the higher disease preva-

lence in women. The mean Expanded Disability Status Scale score

was 2.2 � 2.2, with a range of 0 – 8.5. Fifty-seven of the 95 patients

were on disease-modifying agents. Nine had enhancing lesions at

the time of the scan. The mean duration of disease since the pa-

tient’s first reported symptom was 8.9 � 7.8 years, with a range of

0.3–33.7 years. The mean volume of white matter lesions was

11.0 � 15.8 mL, with a range of 0.1–122.4 mL. The mean total

thalamic volume was 14.0 � 2.1 mL, with a range of 8.4 –20.0 mL.

The mean relative susceptibility of the thalami was �29.0 � 11.7

parts per billion, with a range of �61.5 to 6.4 parts per billion. The

mean total gray matter volume was 607 � 67 mL, with a range of

411–784 mL. The mean cortical thickness was 2.40 � 0.16 mm,

with a range of 1.92–2.68 mm.

The results of the regression analyses are shown in Tables 1 and

2. The relative susceptibility of the thalami was associated with T2

lesion volume both before (P � .037) and after adjusting for co-

variates (P � .015), with higher thalamic susceptibility associated

with a greater T2 lesion burden. Repeating the analysis with pa-

tients younger than 50 years of age did not change the results (P �

.036), suggesting that age-related white matter lesions were not a

significant confounder. Longer disease duration was also associ-

ated with greater T2 lesion burden (P � .001), whereas age (P �

.25), sex (P � .90), and use of disease-modifying agents (P � .81)

were not.

The presence of enhancing lesions was also associated with

higher iron levels before (P � .04) and after (P � .013) adjustment

for covariates. Older age was associated with higher iron levels

only after adjustment (P � .028).

The relative susceptibility of the thalami was not associated

with thalamic volumes, total gray matter volume, or cortical

thickness (P � .63, 0.16, and 0.94, respectively).

DISCUSSION
Both thalamic atrophy3-7 and iron deposition1,3,4,12-18 have been

reported in patients with multiple sclerosis, but whether these 2

processes are interrelated is unclear. Using QSM to quantify tissue

susceptibility, which correlates with iron concentrations in post-

mortem specimens27,31,32 and is less sensitive to local changes in

water content than R2*,33-36 we found no association between

thalamic susceptibility and volume. On the other hand, we found

FIG 2. Axial image from the 3D T2 FLAIR sequence (A) with overlaid
volumetric segmentation of T2 lesions (purple) (B) from Olea software
processing in the same patient as in Fig 1.
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that thalamic susceptibility was associated with overall T2 lesion

burden and the presence of enhancing lesions.

Several prior studies have described increased thalamic iron

levels among patients with multiple sclerosis or clinically isolated

syndrome compared with healthy controls.3,4,13,14,17,18 One ex-

planation for this increased iron could be that iron accumulates

because of thalamic neurodegeneration. Studies have shown that

as neurodegeneration occurs, activated microglia and tissue mac-

rophages that arrive to clear out the iron-rich cellular debris ex-

press high levels of ferritin,23-25 perpetuating ongoing oxidative

stress, neurodegeneration, and iron accumulation.37-39 A post-

mortem study of patients with amyotrophic lateral sclerosis

confirmed this link between neurodegeneration and iron accu-

mulation, with the susceptibility detected on MR imaging corre-

sponding to iron-rich microglia in the motor cortex.20 Another

study described iron accumulation as an epiphenomenon of neu-

ronal damage because iron levels in the basal ganglia of patients

with multiple sclerosis were closely associated with the degree of

gray matter atrophy and were not elevated early in the disease

course in patients with clinically isolated syndrome.19

However, in our cohort, we found no association between iron

levels in the thalamic nuclei and thalamic atrophy, suggesting that

these may be disparate processes. Our finding is consistent with a

prior longitudinal study that reported that short-term changes in

iron levels in the deep gray matter of patients with multiple scle-

rosis appear to occur independent of changes in volume.1 We

further found no association between thalamic iron levels and

markers of gray matter neurodegeneration, including total gray

matter volume and cortical thickness, suggesting that iron accu-

mulation and gray matter neurodegeneration are likely indepen-

dent processes.

On the other hand, we found that thalamic iron levels were

associated with markers of white matter inflammation, including

overall T2 lesion burden and the presence of enhancing lesions.

Several prior studies have shown that proinflammatory cytokines

seen in patients with multiple sclerosis, such as tumor necrosis

factor �, interleukin-1, and interferon �, lead to increases in fer-

ritin40-42 and iron accumulation in the deep gray matter.42,43 De-

myelinating lesions disrupting tracts that connect with the thala-

mus may also result in inflammation, microglial activation, and

iron accumulation in the thalami. Studies in animal models have

shown that a chemical injection in the region of the striatum

results in iron accumulation, not just locally, but also in distant in-

terconnected regions.44,45 In patients, activated microglia expressing

ferritin have also been detected along tracts affected by acute subcor-

tical ischemia as an indicator of poststroke inflammation.46 We hy-

pothesize that white matter lesions and inflammation taken together

lead to axonal transaction and white matter degeneration in tracts

that connect to the thalamus, resulting in thalamic iron accumula-

tion. Although age-related iron accumulation was also noted in our

cohort, as has been described in the literature,47 adjusting for age did

not weaken the association between the presence of enhancing le-

sions and thalamic iron accumulation.

This study has several limitations. First, we used manual seg-

mentation of the thalami, which limits reproducibility and use in

larger cohorts but better avoids venous contamination of QSM

parameters. Second, we did not acquire diffusion tensor imaging

data to determine the burden of lesions along specific thalamo-

cortical tracts, which may contribute to iron accumulation. Third,

we did not include patients with primary-progressive multiple

sclerosis; iron in these patients may accumulate via a different

pathophysiologic mechanism. Finally, further confirmation of

these findings in larger cohorts is necessary.

CONCLUSIONS
Using QSM, we found that iron concentrations in the thalami are

associated with T2 lesion burden and the presence of enhancing

lesions, both imaging markers of white matter inflammation. Iron

concentrations were not found to be associated with local tha-

lamic or global gray matter neurodegeneration.
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Table 1: Results of the regression analyses evaluating associations between thalamic susceptibility and thalamic volume, total gray
matter volume, cortical thickness, and T2 lesion volume

Before Adjustment for Covariates After Adjustment for Covariates

Coefficient 95% CI P Value Coefficient 95% CI P Value
Thalamic volume 9.0 �28.0–46.1 .63 9.4 �28.9–47.7 .63
Total gray matter volume �860 �2026–305 .15 �720 �1731–291 .16
Cortical thickness �0.0007 �0.003–0.002 .62 �0.00008 �0.003–0.002 .95
White matter T2 lesion volumes 0.026 0.0016–0.051 .037a 0.029 0.0057–0.053 .015a

a P � .05.

Table 2: Results of the regression analyses evaluating whether thalamic susceptibility is associated with baseline characteristics
Before Adjustment for Covariates After Adjustment for Covariates

Coefficient 95% CI P Value Coefficient 95% CI P Value
Presence of enhancing lesions 8.40 0.41–16.40 .04a 10.68 2.28–19.09 .013a

Age 0.19 �0.037–0.42 .099 0.27 0.031–0.52 .02a

Sex 0.75 �4.36–5.85 .77 1.45 �3.69–6.58 .58
Use of disease-modifying therapies �0.57 �5.46–4.32 .82 0.44 �4.43–5.32 .86
Disease duration �0.023 �0.33–0.28 .88 �0.066 �0.39–0.26 .69

a P � .05.
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11. Deppe M, Krämer J, Tenberge JG, et al. Early silent microstructural
degeneration and atrophy of the thalamocortical network in mul-
tiple sclerosis. Hum Brain Mapp 2016;37:1866 –79 CrossRef Medline

12. Modica CM, Zivadinov R, Dwyer MG, et al. Iron and volume in the
deep gray matter: association with cognitive impairment in mul-
tiple sclerosis. AJNR Am J Neuroradiol 2015;36:57– 62 CrossRef
Medline

13. Al-Radaideh AM, Wharton SJ, Lim SY, et al. Increased iron accumu-
lation occurs in the earliest stages of demyelinating disease: an ul-
tra-high field susceptibility mapping study in clinically isolated
syndrome. Mult Scler 2013;19:896 –903 CrossRef Medline

14. Hagemeier J, Weinstock-Guttman B, Bergland N, et al. Iron deposi-
tion on SWI-filtered phase in the subcortical deep gray matter of
patients with clinically isolated syndrome may precede struc-
ture-specific atrophy. AJNR Am J Neuroradiol 2012;33:1596 – 601
CrossRef Medline

15. Cobzas D, Sun H, Walsh AJ, et al. Subcortical gray matter segmen-
tation and voxel-based analysis using transverse relaxation and
quantitative susceptibility mapping with application to multiple
sclerosis. J Magn Reson Imaging 2015;42:1601–10 CrossRef Medline

16. Ge Y, Jensen JH, Lu H, et al. Quantitative assessment of iron accu-
mulation in the deep gray matter of multiple sclerosis by magnetic
field correlation imaging. AJNR Am J Neuroradiol 2007;28:1639 – 44
CrossRef Medline

17. Lebel RM, Eissa A, Seres P, et al. Quantitative high-field imaging of
sub-cortical gray matter in multiple sclerosis. Mult Scler 2012;18:
433– 41 CrossRef Medline

18. Quinn MP, Gati JS, Klassen ML, et al. Increased deep gray matter
iron is present in clinically isolated syndromes. Mult Scler Relat Dis-
ord 2014;3:194 –202 CrossRef Medline

19. Khalil M, Langkammer C, Ropele S, et al. Determinants of brain iron
in multiple sclerosis: a quantitative 3T MRI study. Neurology 2011;
77:1691–97 CrossRef Medline

20. Kwan JY, Jeong SY, Van Gelderen P, et al. Iron accumulation in deep
cortical layers account for MRI signal abnormalities in ALS: corre-
lating 7 Tesla MRI and pathology. PLoS One 2012;7:e35241 CrossRef
Medline

21. Zecca L, Youdim MB, Riederer P, et al. Iron, brain ageing and neu-
rodegenerative disorders. Nat Rev Neurosci 2004;5:863–73 CrossRef
Medline

22. Haider L, Simeonidou C, Steinberger G, et al. Multiple sclerosis deep
grey matter: the relation between demyelination, neurodegenera-
tion, inflammation and iron. J Neurol Neurosurg Psychiatry 2014;85:
1386 –95 CrossRef Medline
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